Here we show that plasma kallikrein (PKal) mediates a plasminogen (Plg) cascade in adipocyte differentiation. Ecotin, an inhibitor of serine proteases, inhibits cell-shape change, adipocyte-specific gene expression, and lipid accumulation during adipogenesis in culture. Deficiency of Plg, but not of urokinase or tissue-type plasminogen activator, suppresses adipogenesis during differentiation of 3T3-L1 cells and mammary-gland involution. PKal, which is inhibited by ecotin, is required for adipose conversion, Plg activation and 3T3-L1 differentiation. Human plasma lacking PKal does not support differentiation of 3T3-L1 cells. PKal is therefore a physiological regulator that acts in the Plg cascade during adipogenesis. We propose that the Plg cascade fosters adipocyte differentiation by degradation of the fibronectin-rich preadipocyte stromal matrix. A dipogenesis is regulated by hormones such as leptin 1 and by transcription factors such as peroxisome-proliferator-activated receptor-γ (PPARγ) 2 . However, it is not generally appreciated that, during adipocyte differentiation, the fibronectin-rich stromal matrix of preadipocytes is converted to the basement membrane of adipocytes 3 . Thus, although some of the intracellular events that occur during adipocyte differentiation are know understood 4 , the role of the extracellular matrix (ECM) is yet to be explored. Here we investigate the hypothesis that ECM-degrading proteases are required during adipogenesis. We focus on the Plg system of serine proteases, as plasmin directly cleaves various ECM molecules, including fibronectin 5 and laminin
. Plg can be activated (converted to plasmin) by urokinase-type plasminogen activator (uPA) and by tissue-type plasminogen activator (tPA). Here we report the use of genetic and inhibitor-based approaches to evaluate the role of serine proteases during both adipogenic differentiation of preadipocytes in culture and repopulation of adipocytes during involution of the murine mammary gland in vivo. Our results demonstrate an important function of the Plg system of serine proteases during adipocyte differentiation.
Results

Inhibition of serine proteases reduces differentiation of 3T3-L1 cells.
To identify the serine proteases in the plasminogen cascade that function during adipocyte differentiation, we used a new inhibitor-based approach to block their activity during differentiation of 3T3-L1 cells. Ecotin is a macromolecular inhibitor that inhibits a broad range of chymotrypsin-like serine proteases such as trypsin, chymotrypsin and elastase 8 . Wild-type (WT) ecotin is a poor inhibitor of uPA and plasmin; however, the ecotin mutant MM84,85RR (EcoRR) is a nanomolar inhibitor of uPA 9 . Addition of WT ecotin or EcoRR had no effect on preadipocytes, but reduced adipose conversion to <20% of control levels (Fig. 1a, b) . Three lines of evidence indicate that the lack of lipid accumulation was a result of blockage of the differentiation pathway. First, most ecotintreated cells failed to undergo morphologic differentiation (rounding up). Second, CCAAT/enhancer-binding protein-β (C/EBPβ; Fig. 1d) , both of which are required for adipogenic differentiation 2, 10 , were only weakly expressed in ecotintreated cells. Third, levels of glycerophosphate dehydrogenase (GPDH), an enzymatic marker for differentiated adipocytes 11 , were only ~20% of control levels in cells cultured with either form of ecotin (data not shown). These data support a functional role for serine proteases during differentiation of predipocytes in culture.
To analyse further the functions of plasminogen and plasminogen activators, we treated 3T3-L1 cells with the serpin proteins α-2-antiplasmin (α2-AP, which inhibits plasmin 12 ) and plasminogenactivator inhibitor-1 (PAI-1, which inhibits uPA and tPA 13 ), and monitored their differentiation. Our data support the hypothesis that plasmin is required during differentiation of 3T3-L1 preadipocytes in culture. Treatment of cells with α2-AP during differentiation inhibited adipose conversion and lipid accumulation (Fig. 1h, i) . On the other hand, uPA and tPA do not seem to be required for adipogenesis, as treatment with PAI-1 had no effect on 3T3-L1 differentiation (Fig. 1g, i) . Adipogenic differentiation of 3T3-L1 cells is Plg-dependent. We analysed the expression of uPA and tPA in both preadipocytes and differentiated adipocytes. We detected uPA and tPA in both the conditioned medium and cell lysates of 3T3-L1 preadipocytes (Fig.  2a) . Two other caseinolytic serine proteases, with relative molecular masses of 80,000 (M r 80K) and 120K (termed sp80 and sp120, respectively), were present in the conditioned media of both 3T3-L1 preadipocytes and differentiated adipocytes; these proteases were inhibited by phenylmethylsulfonyl fluoride (PMSF). An activity similar to sp80 was also present in fetal bovine serum (FBS). Expression of uPA and tPA decreased with adipogenic differentiation. These data raise the question of how Plg functions during adipogenesis. Preadipocytes grew normally in 10% FBS that was depleted of Plg (Fig. 2b) . However, once cells were induced to differentiate, they exhibited <10% adipose conversion relative to cells cultured in complete FBS (Fig. 2c, d ). Addition of exogenous Plg to Plg-depleted FBS rescued differentiation (Fig. 2e) . Preadipocytes differentiated into adipocytes in normal human plasma, albeit to a lesser extent than in FBS (see later). However, no adipose conversion or lipid accumulation was seen in cells that were induced to undergo differentiation in Plg-deficient human plasma. Addition of physiological levels of exogenous human Plg restored adipose conversion to levels seen in normal human plasma (data not shown). These results show that Plg is required during adipocyte differentiation, when expression of ECM proteins, including fibronectin, is downregulated, and indicate that plasmin may be required to remodel the stromal ECM of preadipocytes. Serine-protease inhibitors reduce adipogenesis during mammarygland involution. We sought evidence that serine proteases function during adipogenesis in vivo. For this analysis we used the mammary gland, which has an adipose stroma. After lactation and weaning in the mouse, the mammary gland undergoes a programme of remodelling during involution to replace the secretory epithelial tissue involved in lactation with adipose tissue. Adipogenesis during involution occurs on a short timescale. Infiltration of adipocytes can be detected by day 2 of involution 14 , and both uPA and tPA are upregulated during this process 15 . To evaluate serine-protease function in vivo during mammary adipogenesis, we treated female CF1 mice with WT ecotin or EcoRR over days 1-4 of involution, when the mammary gland is normally repopulated with adipocytes. On day 5, the density of adipose tissue of involution was greatly reduced in mammary glands treated with either form of ecotin (Fig. 3a-c) . These data indicate that serine proteases have an important role in adipogenesis in vivo. Concomitant with the reduction in adipogenesis, deposition of stromal ECM, as shown by staining for collagen, increased significantly in mice treated with WT ecotin or EcoRR (Fig. 3e, f) . We also observed increased deposition of the stromal proteins type I collagen ( Fig. 3g-i) and fibronectin ( Fig. 3j-l ) in animals treated with either from of ecotin. WT ecotin, which does not inhibit uPA or plasmin, was as effective as EcoRR in blocking adipogenesis, and neither WT ecotin nor EcoRR inhibited tPA (Fig. 4) . Surprisingly, when we examined epithelial apoptosis and involution 14 , mice treated with EcoRR showed delayed epithelial involution, whereas those treated with WT ecotin did not (data not shown). These data indicate that neither uPA nor tPA is required for Plg activation during adipogenesis in vivo. Moreover, the lack of effect of WT ecotin on epithelial remodelling shows that differentiation of epithelia and adipocytes are not necessarily linked, but rather may be regulated independently. Adipogenesis is impaired in Plg-deficient, but not uPA-deficient, mice. As Plg is required for 3T3-L1 adipogenesis, is it also critical in vivo? Plg-deficient mice 16 exhibited impaired adipogenesis (Fig. 4a,  b ) and increased collagen deposition in mammary glands (Fig. 4e,  f) , as was the case in mice treated with WT ecotin or EcoRR. This indicates that Plg is required during involution for normal adipocyte differentiation. Interestingly, healthy adult Plg -/-mice of the same skeletal size, as confirmed using X-rays, were leaner and lighter than wild-type controls (at 23 weeks of age, Plg -/-, 18.8 ± 2.1 g, n = 4; control, 22.8 ± 1.0 g, n = 5; P < 0.005). However, uPA did not seem to contribute significantly to adipocyte differentiation in the mammary gland. Mice lacking either uPA (Fig. 4c, d , g, h) or both uPA and tPA 17 (data not shown) showed no significant alteration in adipogenesis or collagen accumulation during involution. These data show that neither uPA nor tPA is required for adipogenesis in the mammary gland and therefore indicate the the possible presence of an alternative plasminogen activator during adipogenesis. Plasma kallikrein is required during adipogenesis. We sought to identify another serine protease that is inhibited by both WT ecotin and EcoRR and can activate Plg. Lysates of involuting mammary gland at day 5 from either wild-type or Plg -/-mice, assayed by zymography on casein-Plg gels, showed the presence of a serine protease of M r 80K, which was similar to the sp80 protease that was detected in medium conditioned by 3T3-L1 cells (Fig. 5a ). sp80 was also present in normal mouse and human plasma, in FBS, and in the conditioned medium of 3T3-L1 cells grown in the presence, but not absence, of FBS. These data indicate that sp80 may be derived from plasma or serum, rather than from adipogenic cells.
Of the mammalian serine proteases that are present in databases, a compelling candidate is plasma kallikrein (PKal), which has a similar size and is inhibited by subnanomolar concentrations of WT ecotin 18 . Mouse sp80 and human PKal were inhibited both by WT ecotin and by EcoRR (Fig. 5b) , whereas uPA was inhibited only by EcoRR. We identified sp80 as PKal by western blotting of mammary lysates and mouse serum with a polyclonal antibody against human prekallikrein (Fig. 5c) . PKal has been shown to activate both pro-uPA 19, 20 and Plg 21, 22 . To investigate the function of PKal during adipocyte differentiation, we took advantage of Fletcher trait, a rare form of human plasma prekallikrein deficiency 23 . Both normal and prekallikrein-deficient human plasma supported growth of 3T3-L1 preadipocytes (Fig. 5d, e) . Preadipocytes differentiated into adipocytes in normal human plasma, albeit to a lesser extent than in FBS (Fig. 5f, g ). However, very little adipose conversion and only 14% lipid accumulation was observed in cells that were induced to undergo differentiation in prekallikrein-deficient human plasma (Fig. 5h, j) . Addition of physiological levels of exogenous human PKal restored adipose conversion to 85% of that seen in normal human plasma (Fig. 5i, j) . These data indicate that PKal is required for adipogenesis. PKal and Plg promote adipogenesis under serum-free differentiation conditions. We sought to determine whether proteolysis by serine proteases promotes differentiation of 3T3-L1 cells. To this end, we induced the differentiation of 3T3-L1 preadipocytes in the absence of FBS. Under these conditions, cells underwent adipose conversion to a much lesser extent than cells differentiated in the presence of FBS (Fig. 6a, b, g ). Addition of exogenous Plg did not enhance the extent of adipose conversion (Fig. 6c, g ). However, addition of both Plg and PKal promoted adipose conversion to about 50% of that observed in FBS (Fig. 6a, d, g ). PKal alone did not significantly increase adipose conversion (data not shown). The PKal zymogen, prekallikrein, was ineffective in promoting adipogenesis in both the presence and the absence of Plg (data not shown), indicating that activation of prekallikrein may also be required. Interestingly, Factor XII, the principal activator of prekallikrein, is also inhibited by nanomolar concentrations of ecotin 18 . The increase in adipose conversion observed in the presence of Plg and PKal was not significantly affected by addition of PAI-1 (Fig. 6e, g ), but was reduced in the presence of EcoRR (Fig. 6f, g ). These data indicate that although 3T3-L1 preadipocytes express both uPA and tPA (Fig. 2a) , PKal is required during adipogenesis to activate Plg and promote adipose conversion. A PKal-mediated Plg cascade promotes fibronectin cleavage during adipocyte differentiation. To evaluate our hypothesis that PKal activates Plg during adipocyte differentiation, we analysed the extent of Plg activation by 3T3-L1 cells by western blotting of the plasmin protease domain in the presence and absence of PKal. We first confirmed that PKal activates Plg at physiologically relevant concentrations, albeit to a lesser extent than that observed with uPA or tPA (Fig. 7a) . However, PKal is present in plasma at relatively high concentrations (30-50 µg ml -1 ; ref. 24 ) compared with uPA (3-5 ng ml -1 ) or tPA (5-10 ng ml -1 ; ref. 13). We next monitored activation of Plg during adipogenesis, and found that 3T3-L1 cells differentiated in the absence of FBS did not effectively activate Plg, and that addition of PKal significantly enhanced Plg activation (Fig. 7b) . These data indicate that although 3T3-L1 cells express uPA and tPA (Fig. 2a) , PKal may be required to activate Plg during 3T3-L1 differentiation.
We next sought to identify the molecular target of the Plg cascade. As increased deposition of fibronectin was observed in the mammary glands of ecotin-treated mice (Fig. 3j-l) , we tested the hypothesis that the Plg cascade mediates fibronectin cleavage during adipocyte differentiation. We assayed uPA, tPA, plasmin and PKal for their ability to cleave fibronectin and found that only plasmin cleaves fibronectin into several fragments, including one of M r 20K (Fig. 7c) . Fibronectin was associated with 3T3-L1 preadipocytes and was downregulated in differentiated adipocytes, but not in cells treated with ecotin during differentiation (Fig. 7d) or in the absence of Plg (data not shown). When we analysed conditioned media for cleavage of endogenous mouse fibronectin during differentiation, we detected a cleaved fragment of M r 20K in the conditioned medium of differentiated adipocytes, but not in that of preadipocytes or of cells cultured during differentiation with WT ecotin or EcoRR (Fig. 7e) . Moreover, mammary lysates also generated fibronectin cleavage products that were suppressed by ecotin treatment (data not shown). These findings indicate that the Plg cascade may promote adipocyte differentiation by degrading the fibronectin-rich stromal ECM of preadipocytes.
PKal-mediated activation of the Plg cascade may be selective for plasmin generation in the region of the stromal ECM. We found that PKal-mediated, but not uPA-mediated activation of Plg is enhanced in the presence of fibronectin (Fig. 7f) . tPA-mediated activation of Plg was enhanced by fibrin, but not by fibronectin (data not shown). These data indicate that PKal may be an important activator of Plg in fibrin-independent processes.
In support of a mechanism in which fibronectin degradation is required during adipogenesis, we found that addition of an exogenous fibronectin matrix suppressed differentiation of 3T3-L1 cells (Fig. 7i) . This suppression was overcome by addition of cytochalasin D, which disrupts the actin cytoskeleton and fibronectin at the cell surface (Fig. 7j) . Similarly, the suppressive effects of ecotin were overcome by concomitant addition of cytochalasin D (Fig. 7k, l) . These data indicate that remodelling of the stromal matrix of preadipocytes may be an important early step that promotes cellshape change and expression of adipocyte-specific genes during differentiation.
Discussion
We have shown that extracellular proteolysis is a key mechanism for regulating adipocyte differentiation, and have demonstrated for the first time that PKal functions in the physiological Plg-activation cascade during adipogenesis. Although our in vivo study concentrated on the rapid and easily measurable adipogenesis in the mammary fat pad during mammary involution, our preliminary data clearly show the reduction of fat deposits at other sites, such as the epidydymal fat pad in male Plg -/-mice (data not shown). However, because adipogenesis does eventually occur in the mammary gland and at other sites in Plg -/-mice, further proteolytic pathways may also contribute to adipocyte differentiation. We propose that the mammary fat pad during involution constitutes a rapid and sensitive system for evaluating the factors that regulate adipogenesis.
Surprisingly, uPA and tPA have relatively minor roles in adipogenesis both in vivo and in culture. uPA has been considered to be the primary enzyme involved in cell-mediated Plg activation by virtue of its high affinity for Plg and of the presence of a specific receptor, uPAR. However, mice lacking either the gene for uPA or the genes for both uPA and tPA do not have a marked phenotype with regard to adipogenesis, indicating the possible presence of other Plg activators. Other enzymes that have been implicated as Plg activators include PKal 21, 22 and Factor XII 25 . PKal is a compelling candidate because of its high concentration, ubiquitous presence and ability to localize to the cell surface. It is also a potent activator of pro-uPA 26, 27 . The requirement for PKal and Plg during adipogenesis indicates that PKal is a physiological component of the Plg-activation cascade. Although adipogenesis is attenuated in human plasma that lacks PKal or Plg, it remains to be determined whether this cascade has the same function in humans and mice as it does in culture. Our findings imply that PKal may have a significant role in other physiological and pathological processes that involve Plg activation in vivo.
It is clear from our results that proteolysis selectively affects terminally differentiating adipocytes rather than proliferating preadipocytes, as cleavage of cell-associated fibronectin, which is a substrate for plasmin, was regulated during adipocyte differentiation. How is the PKal-Plg system regulated during adipogenesis? During adipocyte differentiation, PKal may function as an activator of pro-uPA or as a direct activator of Plg. PKal-mediated activation of pro-uPA can occur on the surface of platelets 26 and of endothelial cells 27 . Although expression of uPA is regulated during 3T3-L1 differentiation, uPA-deficient mice do not exhibit an adipogenic phenotype, which leads us to favour the hypothesis that PKal directly activates Plg during adipogenesis. Our data indicate that PKal can activate Plg at physiologically relevant concentrations.
This raises the question of what the nature of the process that is regulated during adipogenesis. The functions of the PKal-Plg cascade may be regulated during differentiation by endogenous cellsurface receptors or inhibitors. One possibility is that binding to the cell surface is regulated. uPAR may serve as an acquired receptor for PKal. uPAR binds to pro-uPA at a site within uPAR domain 1 (ref. 28) . The cleaved, two-chain form of high-molecular-mass kininogen, which is a substrate for PKal and contains a high-affinity binding site for prekallikrein 29 , can also bind to uPAR through interactions within uPAR domains 2 and 3 (ref. 30 ). Thus, uPAR may function to promote PKal activity at the cell surface. However, uPAR is virtually undetectable in the involuting mammary gland 15 , indicating that this is not the principal mechanism at this site. PKal activation is known to occur through Factor XII (ref. 20) , which in turn requires activation by a cell-surface-dependent mechanism that may itself be regulated. Another model involves PAI-1, a serpin that inhibits both uPA and tPA 31 , but not PKal (data not shown). Increased levels of PAI-1 are associated with obesity in mice and humans 32, 33 , and this protein is expressed by mature adipocytes in culture and in vivo 34 . PAI-1 may also function as a regulator of adhesion to the ECM 35 . However, the precise function of PAI-1 in development of adipose tissue is unclear. PAI-1 is barely detectable in the mammary gland during involution with its associated adipogenesis 15 and, moreover, our findings indicate that PKal, which is not inhibited by PAI-1, may function to promote adipocyte differentiation despite the presence of high PAI-1 levels observed in obesity.
How does extracellular proteolysis of the preadipocyte microenvironment facilitate adipogenesis? Our data support a model in which the Plg cascade is required for remodelling of the fibronectin-rich ECM of preadipocytes. This remodelling then gives rise to alterations in cell-ECM adhesion and cytoarchitecture, and promotes transcription of adipocyte-specific genes. Our finding that C/EBPβ and PPARγ, both of which are crucial to adipocyte differentiation, are only weakly induced in ecotin-treated cells, indicates that serine proteases may function at critical steps in adipocyte differentiation. Fibronectin is a component of the preadipocyte ECM -addition of exogenous fibronectin during differentiation of preadipocytes in culture inhibits cell-shape change and prevents adipogenesis -and is a substrate of plasmin 5 ( Fig. 7) . As differentiation of 3T3-L1 cells proceeds, synthesis of stromal ECM components such as fibronectin and fibrillar is reduced 36, 37 and cleavage of fibronectin increases (Fig. 7) . Thus, Plg activation results in rapid removal of fibronectin from the microenvironment of committed cells.
How does fibronectin function to suppress adipogenesis? One possibility is that cytoskeletal organization and signalling downstream of adhesion receptors for fibronectin foster a fibroblastic phenotype, whereas receptors for basement-membrane proteins foster an adipogenic phenotype. This hypothesis, which remains untested, is supported by the observation that cytochalasin D, which disrupts adhesion 38 and cytoskeletal structure, overcomes the suppressive effects of fibronectin and ecotin (Fig. 7j, l) . A related, and also untested, hypothesis is that cleavage of fibronectin results in loss of syndecan, an integral membrane heparan sulphate proteoglycan that binds to fibronectin 39 . Loss of syndecan may downregulate Wnt signalling and thereby promote adipogenesis 40, 41 . Alternatively, the Plg system may activate and release differentiation-promoting growth factors from sequestration in the stromal ECM. The bio-availability of IGF-I, a physiologically relevant regulator of adipocyte differentiation 42 , is modulated by specific, highaffinity IGF-binding proteins (IGFBPs). Transgenic mice with increased IGFBP concentration exhibit impaired adipogenesis in vivo 43 . Plasmin and other serine proteases can cleave IGFBPs and release active IGF 44, 45 . Thus, extracellular proteolysis is an important regulatory mechanism for the function of ECM molecules, as well as for cytokines, during adipogenesis. Whether the impact of proteolysis on fibronectin or IGFBPs is rate-limiting in vivo remains to be determined. Interestingly, matrix metalloproteinases also regulate adipogenesis both in vivo and in culture but, unlike the Plg system, their absence stimulates adipogenesis 46 , indicating that the two classes of enzymes have distinct targets.
Plasmin acts in many fibrin-independent physiological and pathological processes, including neuronal cell death, cancer progression, and apoptosis of epithelial cells during mammary-gland involution. In the mammary gland, lack of Plg promotes survival of differentiated secretory epithelium 47 , but inhibits adipocyte differentiation. Although there may be a reciprocal relationship between epithelial and mesenchymal cells to maintain tissue volume, it is also clear from ecotin studies that these processes are regulated by activation of the Plg cascade by distinct components. The identities of the plasminogen activators that regulate other Plg-dependent processes remain to be determined. Our results have opened further avenues of research by which to elucidate the physiological functions of PKal, its activators, its target plasmin and their substrates.
Methods
Preparation of ecotin.
Ecotins were prepared and purified as described 9 . Purified samples were tested and found to be free of endotoxin. Samples used for animal injections were diluted in PBS, pH 7.4.
Differentiation of 3T3-L1 cells.
3T3-L1 cells (American Type Culture Collection) were grown to confluence in DMEM containing 4.5 g l -1 glucose supplemented with 10% FBS (growth medium). Differentiation was induced by culturing cells in growth medium containing differentiation cocktail (0.22 µM insulin, 0.6 µM dexamethasone and 0.5 mM methylisobutylxanthine) as described 48 . Concurrently, 500 nM of WT ecotin, 500 nM EcoRR, 500 nM human PAI-1 (mutant human recombinant PAI-1; Calbiochem) or 2 µM human α2-AP (Calbiochem) was added to cells. Fresh growth medium was added to cells after 2 days; adipose conversion was analysed 6 days after induction.
To assess the effects of Plg depletion, FBS was passed over a lysine-Sepharose column several times and the flow-through fraction was collected 49 . Depletion of Plg from the flow-through fraction was confirmed by western blotting using a rabbit polyclonal antibody against human Plg (Dako, Carpinteria, California). 3T3-L1 cells were induced and maintained up to day 4 in medium containing 10% Plg-depleted FBS. For reconstitution experiments, 50 µg ml -1 human glu-type Plg (American Diagnostica Inc., Greenwich, Conneticut) was added to the medium. To assess the effects of Plg deficiency, 3T3-L1 cells were induced to differentiate without FBS in 5% pooled normal human plasma (George King Bio-Medical Inc., Overland Park, Kansas), Plg-deficient human plasma (American Diagnostica Inc.) or Plg-deficient human plasma reconstituted with 100 µg ml -1 human glu-type Plg for 2 days. Cells were maintained in fresh growth medium for a further 4 days.
To assess the effects of PKal deficiency, 3T3-L1 cells were induced to differentiate without FBS in 5% pooled normal human plasma, prekallikrein-deficient human plasma (George King Bio-Medical Inc.) or prekallikrein-deficient human plasma reconstituted with 50 µg ml -1 human PKal (Enzyme Research Laboratories, South Bend, Indiana) for 2 days. Cells were maintained in fresh growth medium for a further 4 days.
To assess the ability of serine proteases to promote differentiation under serum-free conditions, 3T3-L1 cells were induced to differentiate as described above but without FBS. Concurrently, 1 ∝M human glu-type Plg, 200 nM PKal, 500 nM PAI-1 and 500 nM EcoRR were added. Cells were maintained under these serum-free conditions until day 2 and were then switched to serum-containing growth medium for a further 4 days.
To assess the effects of fibronectin on 3T3-L1 differentiation, 6-well plates were coated with 50 µg ml -1 human fibronectin (Roche) at 4°C for 12 h. Cells were grown and differentiated as described above. Cytochalasin D (0.5 µg ml -1 ; Sigma) was added together with the differentiation cocktail. After 2 days cells were switched to growth medium.
In vivo adipocyte differentiation.
For ecotin treatment, female CF1 mice crossed with CD1 males were allowed to undergo normal pregnancy. The number of pups was normalized to 8 for each experiment and they were weaned after 7-10 days of lactation (day 0 of involution). Mice were injected intraperitoneally with 100 µg of WT ecotin, EcoRR or PBS twice a day on days 1-4 of involution and were killed on day 5 of involution. Each cohort contained four mice per treatment and experiments were repeated three times. Mammary glands from uPA-deficient C57BL/6 mice (n = 6), Plg-deficient C57BL/6 mice (n = 7), and wild-type littermate controls (n = 6 each) were collected on day 5 of involution. Plg -/-and wild-type littermates were weighed weekly at the ages of 4-25 weeks; weights were compared by ANOVA to calculate the P value. Mice lacking the genes for both uPA and tPA were generated as described 17 . To prepare frozen sections, tissue samples were snap-frozen in liquid nitrogen for biochemical analyses, placed in OCT and frozen; for paraffin sections they were fixed in 4% paraformaldehyde.
Oil red O staining, Masson Trichrome staining and immunohistochemistry.
3T3-L1 cells were stained with Oil red O as described 50 . Oil red O dye was extracted into isopropanol and absorbance was measured at 510 nm. Frozen sections of mammary gland (10 µm) were fixed in 50% ethanol and stained in a 0.2% Oil red O solution; they were then counterstained with Meyer's hematoxylin. Paraffin-embedded (CF1 mice) and frozen (uPA-and Plg-deficient mice and controls) tissue sections were stained using an Accustain™ Masson Trichrome Stain kit (Sigma). To detect fibronectin, paraffin sections were stained using a rabbit polyclonal antibody against rat fibronectin (Calbiochem). To detect type I collagen, paraffin sections were stained using a rabbit polyclonal type I antibody against mouse collagen (Calbiochem).
Substrate zymography and western blotting.
Frozen mammary tissue was homogenized in RIPA buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1% NP40, 0.5% deoxycholate and 0.1% SDS) and the supernatant was collected. Conditioned media were collected from 3T3-L1 cells grown under normal and serum-free conditions. Cell lysates were prepared by scraping cells into RIPA buffer. 3T3-L1 nuclear lysates were prepared as described 51 . Mammary lysates were normalized to wet tissue weight; 3T3-L1 conditioned media and lysates were normalized to cell number. PPARγ was detected by western blotting of nuclear lysates using a goat polyclonal antibody raised against a peptide that maps within an internal region of human PPARγ (Santa Cruz). C/EBPβ was detected by western blotting of nuclear lysates using a rabbit polyclonal antibody raised against a peptide that maps at the carboxy terminus of rat C/EBPβ (Santa Cruz). For substrate zymography, samples were loaded onto non-reducing SDS-polyacrylamide gels containing 1 mg ml -1 casein and 10 µg ml -1 Plg 52 . Human tPA, high-molecular-mass uPA, plasmin (American Diagnostica Inc.) and PKal were used as controls. Gels were incubated overnight at 37°C in the presence or absence of 500 nM WT ecotin or EcoRR. The identity of PKal was confirmed by western blotting using a sheep polyclonal antibody against human prekallikrein (Enzyme Research Laboratories).
Plasminogen activation and fibronectin cleavage.
To test PKal for its ability to activate Plg, 1 µM human glu-type Plg was incubated with 10 nM human high-molecular-mass uPA, 40 nM tPA or 40 nM PKal at 37°C in activity buffer (50 mM Tris-Cl pH 7.5, 10 mM CaCl 2 and 0.01% Tween-20) on a 96-well plate coated with PBS (control), 50 µg ml -1 human fibronectin (Roche) or 2 mg ml -1 human fibrinogen (Sigma). Fibrinogen was converted to fibrin using 500 nM human thrombin (Sigma). Aliquots were removed after 5, 10 and 15 min and were reduced. Plg was detected by western blotting using a rabbit polyclonal antibody against human Plg (Dako). Reduced samples of human glu-type Plg and human plasmin were used as controls. To assay for Plg activation, 3T3-L1 cells were induced to differentiate under serum-free conditions as described above. At the time of induction, 1 µM human glu-type Plg, 200 nM PKal and 500 nM PAI-1 were added to the medium. Conditioned media were collected after 24 h and were reduced. Plg was detected by western blotting using the rabbit polyclonal antibody against human Plg.
To assay for fibronectin cleavage, 500 nM human plasma fibronectin was incubated with 10 nM human tPA, high-molecular-mass uPA, PKal or plasmin in activity buffer for 30 min at 37°C. Cleavage products were reduced and subjected to 10% SDS-PAGE. Fibronectin was detected by western blotting using a monoclonal mouse antibody against human fibronectin (Calbiochem). To detect endogenous fibronectin, conditioned media and cell lysates were prepared from 3T3-L1 cells grown and differentiated in the presence of FBS. Cell-associated fibronectin was detected by western blotting of reduced 3T3-L1 cell lysates using a rabbit polyclonal antibody against rat fibronectin (Calbiochem). Cleaved mouse fibronectin present in conditioned media was reduced and assayed by western blotting using a rabbit antibody against mouse fibronectin (Gibco BRL).
